Photonic crystals (PCs) are the subject of intensive research owing to their extraordinary optical properties [1] . A practical implementation of PCs is a periodic arrangement of air cylinders etched into a semiconductor heterostructure slab waveguide, so-called planar or quasi-two-dimensional (2D) PCs. The outof-plane confinement is realized by sandwiching a higher index core layer between lower-index claddings. The InP / InGaAsP / InP system is an important system for photonic integrated circuits (PICs) operating at telecom wavelengths [2] . Compared to membranes, this system has high structural integrity, while active components may dissipate heat easily.
In a low-index contrast waveguide, the entire bandgap is situated above the light line. This implies that devices are intrinsically lossy in contrast to membrane devices. In deeply etched InP / InGaAsP / InP systems, the smallest cavities reported so far consist of line defects, either in the form of a onemissing-row Fabry-Perot (FP)-type cavity [2] [3] [4] or of one-missing-row PC waveguides terminated by PC mirrors [5] .
Cavities are important building blocks in PC devices. So far, wavelength-sized cavities consisting of modifications of one or two holes [6] [7] [8] were only reported in high vertical refractive index contrast systems such as suspended membranes in air [9] [10] [11] and for Al-GaAs/ GaAs half-membrane structures [12] . In this Letter, we explore the properties of the smallest cavities in combination with liquid-crystal (LC) infiltration in the low-index contrast InP system for applications in a PIC [13] .
The PCs consist of a hexagonal lattice of holes etched into a double heterostructure waveguide slab composed of 0.5 m InP cladding and a 0.5 m InGaAsP guiding layer on an InP substrate [14] . The lattice constant varied from 256 nm to 481 nm (lithographic tuning) and the filling factor f was chosen to be 0.3. The scanning electron microscope (SEM) picture [see Fig. 1(a) ] displays a cross section of a typical hole pattern. Transmission spectroscopy was carried out using an end-fire technique with tunable laser in the range of 1.47 to 1.57 µm in TE polarization [15] .
Four samples, designated H1, FP, MR, and H0, were produced. Sample H1 contains the H1 cavity, which has just an unetched single hole. Sample FP contains the FP type cavity with one row of missing holes. Sample MR contains H1 cavities with a varying number of rows of holes to vary the mirror reflectivity. Sample H0 contains the H0 cavity, i.e., a defect formed by two smaller displaced holes. The size of the center holes rЈ is reduced to rЈ / r = 0.8. The shift of the holes sЈ is sЈ / r = 0.2. An overview of the different cavities is given in Fig. 1(b) .
The spectrum of an H1 defect cavity [SEM picture, see Figs. 1(c) and 1(d)] with PC mirrors consisting of five rows of holes is shown in Fig. 2(a) . The cavity resonance is clearly present. It is modulated by fine FP fringes and a low-frequency beat, which are resolved in inset (b). The fringes and beat originate from nearly equal-sized FP cavities formed by the access ridge waveguides (RWGs) and the PC mirrors [15] . The envelope of the resonance is fitted with a Lorentzian, yielding a Q factor of 60. The value obtained for the deeply etched device is comparable to those found for membrane devices.
For H1 cavities in InP membranes with relatively high filling factors, a Q factor of ϳ70 for f = 0.43 and Q = ϳ 100 for f = 0.55 are found [16] . Higher values, approximately 270, are found for AlGaAs/ GaAs halfmembranes [12] . For moderately low filling factors ͑Ͻ0.38͒, the H1 cavity spectrum displays a single degenerate dipole mode near the center of the bandgap [16] , which is known to have a relatively low Q factor [17] , even for membranes.
A large resonance shift is obtained after infiltrating the surrounding holes with LC K15 (5CB) [see Fig.  2(c) ]. Infiltration increases the transmission level by a factor of 5, attributed to a reduction of out-of-plane losses and increased coupling efficiency. The Q factor of the cavity is decreased by about 30%, which is due to the increase of the modal volume as a result of the reduced refractive index contrast. A decrease of the Q factor after infiltration for a small number of rows was also reported for an FP-type defect with one row of missing holes [3, 18] .
Figures 2(d) through 2(f) show the spectra at 30°C, still in the nematic state, at 35°C very close to the clearing temperature and at 40°C, well into the isotropic state. Although small compared to the linewidth of 33± 4 nm, a redshift of 7 ± 1 nm of the peak position on crossing the LC clearing temperature is consistently observed. The hole filling efficiency can be fitted using 2D FDTD simulations with the LC in the isotropic state. In this case the refractive index is 1.575, which yields = 0.6. An estimate for the refractive index in the nematic state using this obtained filling efficiency yields a refractive index consistent with the ordinary refractive index n o . However, the uncertainty is too large to justify firm statements regarding the LC alignment.
The theory of FP cavities is used to analyze the H1 as an FP type cavity with one row of missing holes. The H1 cavity is confined in two dimensions, while the FP cavity is only confined in one dimension; therefore, the FP cavity is expected to yield lower losses. A value for the reflectivity of the PC mirror (FP model) can be determined from Q = m ͱ R /1−R, with m the mode number associated with the cavity length and R the reflectivity. This will yield a lower bound on the reflectivity of the H1 cavity mirrors. The effective cavity length is taken as three times the lattice constant, consistent with FP-type cavities [19] , i.e., m = 3. From this, the reflectivity ͑R͒ is calculated to be 0.85.
As a comparison, an FP-type defect cavity with one missing row was fabricated on sample FP using the same lithography and etching. The resonance peak is shown in Fig. 3(a) . The absence of the FP fringes and beat for this spectrum is due to the application of an SiN x antireflection coating on the facets of the RWGs.
Fitting the resonance peak yields a Q factor of 47, lower than the one found for the H1 cavity. The measured Q factor compares favorably to those previously reported for FP-type cavities, where Q factors of 20 to 30 were found [2] . Recently, optimization in etching has led to an increase of the Q factor for FPtype cavities with one missing row to approximately 300 [4] . Extrapolating these results, Q factors in the order of 300 might be expected for H1 cavities; e.g., Berrier et al. [20] reported that increase of a factor of two can be realized by etching the holes beyond the current depth of 2.5 m.
To determine whether the mirror transmission limits the Q of the H1 cavity, several cavities were fabricated on sample MR, varying the number of PC holes on either side of the defect. The results are displayed in Fig. 3(b) (squares). For this sample the resonance with five hole rows was not observed owing to poor coupling efficiency. The data of sample H1 (circle) and sample FP (triangle), made in independent process runs are also shown. The data in Fig.  3(b) show a monotonic increase of the Q factor with increasing number of mirror rows, while saturation is not evident. Figure 4 displays the spectrum of the H0 cavity resonance; in the inset an SEM picture of the device is shown. The cavity is created by decreasing the size of the center holes rЈ by 20%, i.e., rЈ / r = 0.8. The shift of the holes sЈ is sЈ / r = 0.2. Typically, this amounts to rЈ = 80 nm and sЈ = 20 nm. The spectrum is modulated by a beat and fine FP fringes stemming from the RWGs. The Q factor is determined from the envelope to be approximately 30, lower than the one found for the H1 cavity. This is in contrast to membrane devices that yield a Q factor of at least an order of magnitude higher than unmodified H1 cavities [6, 7] . The large Q factor of the H0 cavity in membrane devices is due to a gentle spatial decay of the modal electric field pattern. This gentle decay reduces the number of field components with a wave vector above the light line, decreasing out-of-plane losses [21] . In these low vertical index contrast systems this mode engineering does not apply, since the bandgap is located above the light line.
In conclusion, the fabrication by deep etching and characterization of point defect cavities in the deeply etched InP / InGaAsP / InP material system was demonstrated. The best Q factor was determined to be 60. Comparison of the H1 cavity to the similarly sized FP type cavity with one missing row of holes shows approximately the same Q factor. This suggests that the Q factor of the unmodified H1 cavity in this system may be as high as the best results reported for the FP-type cavity.
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